2020). Dual-balance electrodynamic trap as a microanalytical tool for identifying gel transitions and viscous properties of levitated aerosol particles.
A morphous phase transitions in microenvironments are of significant interest to a wide variety of disciplines from pharmacokinetics in living systems to atmospheric and environmental science. 1, 2 In particular, gel transitions within aerosol particles are of interest in atmospheric science and industrial spray-drying and microencapsulation processes. 3, 4 In the atmosphere, the viscosity and phase state of aerosols influence climate and air quality by impacting, for example, aerosol reactivity and hygroscopicity. 4−7 Specifically, diffusion of particle-phase water and reactive compounds can be extremely hindered in ultraviscous and gelatinous aerosol states. 4−7 It has been shown that these diffusive limitations influence the rate of chemical processes and thus particle lifetime. 5 Viscous Newtonian fluids and semisolid gelatinous states have distinct and different relative humidity (RH)-dependent diffusion limitations. 7 Thus, distinguishing between viscous fluids and semisolid gels is essential to accurately representing the aerosol effect on climate and air quality.
Despite the fundamental interest in gel transitions, there is no comprehensive understanding of gel formation in the aerosol phase. 6 In part, this limited understanding is because aerosol particles frequently exist outside of bulk solubility limits. 7−9 Thus, exploring gel transitions of atmospherically relevant compounds with bulk rheometry is not possible across the full range of supersaturation levels accessible in the atmosphere or within aerosol sprays. For example, aqueous MgSO 4 , which crystallizes under bulk conditions with increasing supersaturation, readily forms a semisolid gel in microdroplets. 7 Additionally, NaCl−sodium dodecyl sulfate (SDS) microgels form in aerosol particles at SDS concentrations inaccessible in bulk. 9 Gels are frequently non-Newtonian fluids, i.e., their apparent viscosity is not constant at constant temperature. 6, 10 Gels and other non-Newtonian fluids are therefore not necessarily expected to have a single dynamic viscosity and can behave mechanically like solids under low shear while behaving like a liquid at high shear. Other non-Newtonian fluids, such as colloidal suspensions, may exhibit time-dependent viscosity. 11 Such non-Newtonian behavior complicates predictions of aerosol properties, including rates of the particle-phase diffusion of water. 7 Ambient aerosol can also exist as inhomogeneous, internally mixed solid−liquid mixtures. 4 Thus, to explore gelation of atmospheric aerosol and the formation of inhomogeneous mixtures, it will be important to overcome the limitations of bulk rheometry while utilizing techniques that are sensitive to non-Newtonian fluid dynamics. 6 To overcome the limits of bulk rheometry, a number of complementary aerosol-based microrheological techniques have been introduced, each with their own distinct advantages and limitations. The electrical low-pressure impactor technique assesses particle phase based on bounce factor but relies on substrate deposition and indirectly infers liquid vs nonliquid aerosol. 12, 13 Recently, an atomic force microscopy (AFM)based technique has been introduced that qualitatively distinguishes between liquid, semisolid, and solid states but is also predicated on substrate deposition. 14−16 Viscosity and phase have also been studied with the bead-mobility and pokeflow techniques but depend on substrate deposition. 17−19 The dimer coagulation, isolation, and coalescence (DCIC) technique requires no substrate deposition and can perform measurements on submicrometer aerosol but can access a limited viscosity range. 20 Holographic optical tweezers (HOT) is another technique that can explore aerosol phase of levitated aerosol 9,21−23 and is a microrheological technique that is sensitive to the non-Newtonian fluid dynamics that are frequently associated with semisolid gels.
Despite the many advantages of the HOT technique and optical trapping, in general, there are several drawbacks associated with optical-tweezing methods of aerosols that hinder their application for broadly exploring gel formation. Most notably, the potential absorption of laser light can limit applicability. For example, marine organic material is known to absorb visible light, 24 and marine microgel formation is sensitive to light exposure and temperature. 25 Therefore, for marine aerosol species that absorb light at the trapping laser wavelength, the absorption of laser light can be potentially consequential in the analysis of gel phase transitions due to potential disruption of polymer-cross-linking within the aerosol through an inevitable increase in temperature from laserinduced heating. Thus, to fully characterize the aerosol phase and gel formation of atmospherically relevant aerosol compositions, new techniques are necessary that are sensitive to non-Newtonian fluid dynamics but do not require a trapping laser.
Here, we demonstrate a new microrheological tool and experimental method for identifying aerosol gel phase transitions using electrostatic levitation techniques via a dualbalance linear quadrupole electrodynamic balance (DBQ-EDB, Figure 1a ). In this design, laser light is not required for particle trapping. Simultaneous equilibration of two particles is made possible through the inclusion of two counterbalance electrodes positioned vertically such that particles of opposite surface charge, equilibrated under the same conditions, can be subsequently merged, and viscosity and phase state can be inferred through bright-field imaging. While electrostatic levitation has been widely used as a method for analysis of, Note that the probe laser is not necessary for levitation nor for imaging of merged droplets; the laser and far-field (FF) imaging are complementary tools that are available but not required. (b) The process for merging droplets. As shown in panel 1, droplets of opposite polarity are simultaneously levitated at a constant RH for a fixed equilibration time (5 min for exploring gel formation; 30 min or more when measuring aerosol viscosity). Scale bar is 30 μm. As shown in panel 2, droplets are subsequently merged and the bottom balance is adjusted to compensate for increase in mass and partial charge neutralization. (c) Once merged, bright-field (BF) images are binarized, and the aspect ratio is tracked as a function of time. (d) A plot of aspect ratio as a function of time for a merging event of binary glucose droplets at 26% RH. The corresponding binarized images from part c are indicated on the graph. The red dashed line indicates the exponential fit (τ = 11.6 s). Errors bars are ±1 SD of five processed images. e.g., aerosol hygroscopicity 26 and reaction kinetics, 27 to our knowledge, it has not been previously used as a microrheological technique. Using this method, we show stability and control over RH and particle trapping capability on an indefinite time scale. We demonstrate the capability of the DBQ-EDB technique to accurately determine aerosol viscosity (of sorbitol and aqueous glucose), identify gel transitions (of MgSO 4 ), and detect non-Newtonian fluid dynamics (of solid−liquid model sea spray mixtures composed of sorbitol, NaCl, and CaCl 2 ).
■ EXPERIMENTAL SECTION
Electrostatic Levitation. The experimental arrangement for the DBQ-EDB is shown in Figure 1a . The DBQ-EDB is similar in design to linear quadrupole traps described elsewhere 27−29 with the addition of a second counterbalance. Droplets were generated using piezoelectric droplet dispensers with a 50 μm diameter orifice (MicroFab MJ-APB-050) from 5 wt % aqueous stock solutions. Droplets were injected into the DBQ-EDB through an induction electrode (<400 V typically) that induced a net charge on the droplets and allowed them to be confined axially within the electrostatic field of the quadrupole (V AC , 600 V typical amplitude, 300 Hz typical frequency) and supported vertically by the counterbalance electrodes (<±500 V DC typical). The dual-balance system was designed with two counterbalance electrodes to counter gravity and the humidified nitrogen flow, and thus two charged particles could be levitated simultaneously, one ∼5 cm above the other. The magnitude of the charge induced on the droplet levitated in the top balance was adjusted to be less than the particle levitated in the bottom balance. By doing so, the merged dimer contained a net charge large enough to remain levitated in the bottom balance after merging, as illustrated in Figure 1b .
Environmental Control and Monitoring. All experiments were conducted at room temperature (295 ± 2 K). The RH in the DBQ-EDB was controlled by varying the ratio of dry and humidified nitrogen gas flows (300 to 500 sccm total flow). Calibrated RH sensors (Honeywell HIH-4602-C) were placed before and after the DBQ-EDB, and the RH within the chamber was taken as the average of the two sensors (±1 SD, ∼1% RH typical).
Imaging of Merging Events and Determining Coalescence Time Scales. Bright-field imaging was used to determine the aspect ratio of merged droplets as a function of time at long time scales (>3 s), as shown in Figure 1c . 21−23 Droplets were backlit with a blue LED and imaged with a 20× long-working-distance microscope objective using a CMOS camera (max frame rate of ∼15 fps). Droplets were sized with bright-field images by calibrating the CMOS camera sensor. For Newtonian fluids, coalescence of the merged dimers is evident from the exponential relaxation of the dimer aspect ratio from ∼2 back to 1, as shown in Figure 1d . This relaxation (for Newtonian fluids) occurs with a time constant τ that is directly proportional to the viscosity of the merged droplets.
Upon merging, droplets were momentarily removed from the field of view of the bright-field imaging camera due to the change in droplet size and surface charge, as demonstrated in Movie S1. This change in dimer position is entirely inadvertent and largely a result of increased gravitational force due to increased mass. The merged dimer was brought back into the field of view by increasing the counterbalance electrode voltage, a process which took ∼3 s, during which time the merged dimer was not visible in the bright-field images. Thus, for rapid coalescence (τ < 3 s), droplets were illuminated with a 532 nm diode-pumped Nd:YAG laser, and the elastically scattered far-field light was imaged with a CMOS camera. Although far-field laser scatter imaging is not necessary for levitation nor to detect gel transitions (see Results and Discussion), the laser is a complementary tool that be can be utilized, if so desired, as shown in Figure 2 . As seen here, disruptions in the far-field interference fringes of merged dimers were utilized to track coalescence at time scales from ∼0.1 to 3 s.
As demonstrated in Figure 2a , panel 1, when elastically scattered laser light is imaged in the far-field for a perfectly spherical droplet (i.e., premerging), linear interference fringes are visible that contain discrete maxima and minima. 30 For a liquid droplet, the intensity distribution of the linear interference fringes is horizontally symmetric. As shown in Figure 2a , panels 2 to 4, when droplets are merged, the merged dimer is no longer perfectly spherical, which creates a disruption in the horizontal symmetry of the linear interference fringes. When the merged droplets completely coalesce (i.e., return to a spherical shape), the horizontal symmetry in the linear interference fringes returns, as in Figure 2a , panel 5. These changes in the far-field images were thus quantified using an autocorrelation technique 30, 31 to monitor the time scale of coalescence of droplets.
The images analysis is a template-based autocorrelation of the far-field images, where the template image was the original image offset in the horizontal (x) direction, as described extensively elsewhere. 30, 31 Far-field images were recorded and then postprocessed in a custom LabVIEW program. An image within the recorded sequence was duplicated and then offset horizontally in the x-direction by n pixels (n = 20 pixels, typically). The absolute difference between overlapping pixel values of the offset image and the original image created a "defect" image (as shown in Figure S1 ). The average defect image intensity I D was normalized to the average far-field intensity I of the original image to calculate a correlation value C, given by eq 1.
As shown in Figure 2b , for spherical droplets, the horizontal symmetry in the fringes is high, and thus, defect image intensity is low, and correlation values are high (with C = 1 being the highest possible value). Upon merging, horizontal symmetry in the linear fringes is broken, and thus, the correlation value decreases. When the droplets completely coalesce, the correlation value returns to a higher, stable value. An exponential fit to a plot of C as a function of time from the point of first contact provided τ for these cases.
Gels and non-Newtonian fluids are not necessarily expected to have a single dynamic viscosity and can behave mechanically like solids under low shear and therefore not coalesce. 9 Thus, for gels and other non-Newtonian fluids, extracting a single τ-value is not necessarily possible. In the cases where no coalescence was observed, the observation time over which the merged dimer remained rigid (t obs ) was reported.
Materials. All chemicals were purchased from Sigma-Aldrich (>99% purity) and used without further purification. Stock solutions were made from Millipore water (18 MΩ) and filtered prior to dispensing.
Experimental Sequence for Exploring Gel Transitions. In the present study, time scales (τ or observation time, t obs ) were used to differentiate between RH-dependent rheological behavior of glass-forming versus gel-forming systems, the former of which can occur gradually over a wide RH range, 23 and the latter of which can undergo an abrupt phase transition where microstructural rearrangement rapidly occurs. 7, 32 Because the focus was to probe for an abrupt phase transformation (gelation), we therefore used a fixed equilibration time of 5 min for all experiments prior to merging droplets, analogous to the approach of using fixed residence times when probing ice nucleation or efflorescence. 31 This fixed equilibration time limited the chances for obfuscating gel and glass transitions, i.e., because RH-induced glass transitions require hours to days of equilibration, 23 a short equilibration time ensured observation of a glass transition would be unlikely and increased confidence that a gel transition had been observed. Furthermore, rather than estimating when a droplet had fully equilibrated to the ambient RH (which can take many hours at low RH), 23 a consistent equilibration time also limited variations in extracted τ.
To perform an experiment at a constant RH, two oppositely charged droplets (30 ± 2 μm average diameter) were simultaneously levitated in the top and bottom balances at a constant RH and equilibrated for 5 min, after which droplets were merged, and either far-field or bright-field images were collected. At long time scales, the laser was not used to avoid optical heating, if any. Images were postprocessed to determine τ, if applicable. In cases where coalescence was not observed, merged dimers were levitated for a t obs of 10 4 to 10 5 s, and brightfield images were continually or intermittently collected. If no change in aspect ratio was observed over this time frame, a merging event was considered to have shown no coalescence.
Sequence for Determining Organic Aerosol Viscosity. To benchmark the system, we also measured the dry viscosity of sorbitol and the RH-dependent viscosity of binary glucose. While a fixed 5 min equilibration time was used to probe for gel transitions, longer equilibration times are necessary for accurate viscosity measurements. 23 Thus, when viscosity was the intended measurement, droplet equilibration times of 30−60 min were used prior to merging. 23 Droplets were assumed to be close to equilibrium when the DC voltage required to levitate the droplets stabilized (see Figure S2 ).
Safety. The DBQ-EDB utilizes high-voltage sources. All high-voltage was enclosed within the DBQ-EDB chamber.
■ RESULTS AND DISCUSSION
To demonstrate that the DBQ-EDB technique can be used to explore aerosol viscosity and identify gel transitions as well as non-Newtonian fluids, we benchmarked the technique by measuring the known viscosity of sorbitol and explored the RH-dependent microrheology of binary MgSO 4 (a known gelforming system). The microrheology of MgSO 4 was compared to the RH-dependent rheology of Newtonian fluids. Binary glucose and sucrose are well-studied systems that are known to remain as Newtonian fluids and gradually vitrify 18, 23 and thus are used here as comparison to gel formation. Further, to explore other non-Newtonian fluids, we examined the coalescence of mixed solid−liquid droplets composed of sorbitol/CaCl 2 with NaCl (s) inclusions. Because gels are characterized by a rigid semisolid structure and do not necessarily coalesce completely nor have a single associated viscosity, we present and discuss the microrheological results in terms of time scales (τ or t obs ), rather than viscosity, to distinguish gel-forming systems from viscous Newtonian fluids.
RH-Dependent Coalescence Time Scales. Newtonian Fluids Gradually Increase in Coalescence Time Scale with Decreasing RH. The typical RH-dependent rheology of binary glucose is demonstrated in Figures 2b and 1d at ∼38 and 26% RH, respectively. As seen in Figure 2b , upon merging of binary glucose droplets at 38% RH, the dimer exponentially relaxes with a τ-value of 0.15 s. As seen in Figure 1d , upon decreasing the RH to 26% RH, τ increases by 2 orders of magnitude to ∼11.6 s.
In these examples, coalescence is complete and characterized by gradual, viscous flow that is consistent with the overdamped regime of a viscous Newtonian fluid, where τ is directly proportional to viscosity of the fluid. 23 The increase in τ (and thus viscosity) with decreasing RH is due to decreasing water content. 23 As shown in Figure 3 for glucose, as the RH is decreased from ∼39 ± 2 to 17 ± 2% RH, there is approximately 1 order of magnitude increase in τ for every 5−6% decrease in RH, consistent with previous observations. 18, 23 Notably, this same trend is observed with both far-field and bright-field imaging techniques, demonstrating the validity of using far-field image analysis for monitoring droplet coalescence. For all merging events, complete coalescence was observed with an exponential relaxation from bispherical dimer to spherical droplet. If the premerging equilibration time is 60 min, binary glucose still exhibits similar trends but shifted to a higher RH, as seen in Figure S3 . Sucrose exhibits similar RH-dependent microrheological trends as glucose, albeit shifted to a higher RH. That is, there is a gradual increase in τ as RH is decreased (approximately 1 order of magnitude increase in τ for every 5− 7% RH decrease), and every merging event resulted in complete coalescence.
Gel Formation Is Accompanied by an Abrupt Change in Microrheology. The RH-dependent microrheological trends for binary MgSO 4 (gel-forming system) are demonstrated in Figure  4 . As shown in Figure 4a at ∼35% RH, merged MgSO 4 droplets completely coalesce with a time constant of ∼10 s. (This τ-value was ∼10 s regardless of droplet surface charge, position above the counterbalance, and equilibration time, as shown in Figure  S4 .) If MgSO 4 followed expectations from the Newtonian fluids, decreasing the RH to 30% RH would result in an order of magnitude increase in τ. However, as shown in Figure 4b , upon decreasing the RH to 30%, merged dimers remain completely rigid and do not coalesce even at long observation times (t obs ) over 10 4 s. This demonstrates an abrupt change in microrheology. As shown in Figure 4c , this abrupt change in microstructure is reversible, where increasing the RH from 30 to 35% RH results in complete coalesce. This behavior is consistent with expectations for a gel transition, where the rigid semisolid network assembles and collapses at a relatively welldefined solute concentration. 7, 32, 33 As shown in Figure 5 (and Figure S5 ), the change in RHdependent microrheology of MgSO 4 is indeed abrupt relative to the Newtonian fluids (binary glucose and sucrose), with a transition from fluid to rigid gel occurring within an RH range <5%, with complete rigidity at ∼30% RH. We note that in Figure  5 , t obs is reported when no coalescence was observed (at 30% RH, which is consistent with previous observations of gel formation). 7 This value has no physical meaning, and the upper limit was experimental practicality. If coalescence were to ever occur, the associated time constant would be orders of magnitude larger than t obs . However, even without observing at longer time scales, t obs serves to illustrate the abrupt change in microrheology that occurs with a microgel phase transformation in levitated microdroplets.
Identifying Viscosity and Gel Transitions. DBQ-EDB Microrheological Observations Can Be Used To Understand Aerosol Microstructure. To distinguish between gel-forming systems and Newtonian fluids, we used observations of merged droplets levitated in our recently developed DBQ-EDB in a humidity-controlled environment. Upon merging of two droplets, the shape of the merged dimer deviates significantly from that of a perfect sphere. For Newtonian fluids, merged dimers exponentially relax to a spherical shape to minimize surface energy. The time it takes to relax to sphericity is related to the viscosity (η), surface tension (σ), and density of the merged droplets as well as the radius (r) of the relaxed sphere. 23 Above viscosities of ∼40 mPa s, such as is the case in the present study (limited by camera imaging frame rate), merged droplets are in the overdamped regime, and relaxation to a spherical shape is characterized by a slow, viscous creeping with no oscillations in shape. 23 Thus, in the overdamped regime, only the primary oscillation mode needs to be considered, and the characteristic time scale of coalescence (τ) can be related to viscosity through eq 2 . Images were collected continuously for ∼12 000 s and then intermittently observed from 12 000 to 36 000 s. (c) For the same merged dimer shown in part b, the RH was raised from ∼30 to 35% RH. Gel disassembly and coalescence is observed. For all parts, the average aspect ratio of five sequential images (±1 SD) is plotted. where viscous Newtonian fluids completely coalesce with a single-exponential time constant τ. This is what we observed for binary sucrose and glucose, consistent with expectations and previous observations. 18,19,21−23 By contrast, microgels do not necessarily ever coalesce due to the semisolid network. 9 Gels are frequently described as non-Newtonians fluids, i.e., they have different viscoelastic properties depending on the shear stress applied. When shear stress is low or nonexistent, as is the case in the present study, gels can behave like solids below the gelation limit. 34 Thus, it is not necessarily expected that microgels would flow together, even at long time scales (i.e., t obs ), consistent with our observations, and it may not be appropriate to describe the gels as having a viscosity. Thus, in the present study, time scales (τ or t obs ) were used to differentiate between RH-dependent rheological behavior of glass-forming and gel-forming systems, the former of which can occur gradually over a wide RH range, 23 and the latter of which can be characterized by an abrupt phase transition. 7, 32 An abrupt transition is consistent with our observations of MgSO 4 , as seen in Figure 5 .
Aerosol Viscosity Can Be Determined with the DBQ-EDB Technique. Microgel phase transformations have not previously been studied in this manner, so we first establish the validity of our system for determining aerosol viscosity. Sorbitol is a relatively nonviscous monosaccharide and has an established dry viscosity 35 and was thus used to benchmark the DBQ-EDB and imaging techniques under dry conditions to avoid the additional uncertainty associated with the RH probes. Using a 30 min equilibration time under dry conditions (1 ± 2% RH), a viscosity of 5(±2)x10 4 Pa s was measured for sorbitol (calculated from eq 2 where τ = 12.7 ± 4.1 s, r = 18 ± 2 μm, and σ = 0.064 N m −1 ; σ was extrapolated from the parametrization of Yamada et al. 36 ). This value coincides with the known pure (i.e., dry at 0% RH) sorbitol viscosity of 5 × 10 4 Pa s. 35 We further benchmarked the system by determining the RH-dependent viscosity of binary glucose. As shown in Figure  S3 , our inferred viscosity of glucose is consistent with that reported by Song et al. 23 (for example, at 40% RH, we measure a viscosity of 1.5(±0.9) × 10 4 Pa s, consistent with the ∼10 4 Pa s reported by Song et al. 23 ). This further demonstrates the validity of the DBQ-EDB for determining the microrheology of microdroplets, including aerosol viscosity.
The RH-Dependent Microrheology of Gels Is Distinct from Newtonian Fluids. Although we have established the capabilities of measuring aerosol viscosity, that was not the intended goal of the present system. Rather, it was to identify gel transitions in aerosol particles and distinguish gel transitions from the gradual increase in viscosity associated with thickening previtrification. To these ends, Figure 5 compares the time scales associated with merging events for MgSO 4 (gel-forming compound) to binary saccharides (viscous Newtonian fluids). Over the range of RH values studied, the overall trend in rheology for binary glucose (and sucrose) is a gradual increase in τ, with an order of magnitude increase for every 5−7% decrease in RH. As shown in Figure S5 , the derivative of log(τ) vs RH remains relatively constant for both glucose and sucrose. This gradual increase in time scale is consistent with viscous Newtonian fluids.
In contrast to the gradual increase in τ observed with sucrose and glucose, the RH-dependent trend in rheology for gelatinous MgSO 4 is distinct. Specifically, merged MgSO 4 droplets exhibit a sharp increase in time scale over a narrow range of RH (<5% RH). As seen in Figure S5 , this increase is also reflected in the derivative of the plot of log(time scale) vs RH. There is an initial increase in τ, coincident with the RH at which contact-ion pairing is reported to occur (∼35 to 40% RH). 7, 8 At ∼30% RH, MgSO 4 droplets remain completely rigid, consistent with the RH-dependent threshold at which an extensive cross-linked network forms. 7 This semisolid gelatinous network is apparently rigid enough to prevent coalescence of the merged droplets. As shown in Figure 4c , the rigid gel network disassembles upon increasing RH, consistent with expectations for a phase (gel) transition. 32 Furthermore, as shown in Figure S4 , increasing the equilibration time from 5 to 60 min did not significantly influence the RH at which gelation was observed. The distinct difference between the RH-dependent trends for viscous Newtonian fluids (gradual change) versus gelatinous MgSO 4 (abrupt transition) demonstrates that gel transitions can be identified using RH-dependent microrheological observations. MgSO 4 Rheological Changes Coincide with Diffusive Limitations. Distinguishing between non-Newtonian gels and Newtonian fluids is relevant, for example, because they exhibit different diffusive limitations. The diffusion coefficient of water (D w ) within a viscous or gelatinous matrix is an indicator of the rate at which water diffuses through that medium. Knowledge of diffusion rates is important for predicting aerosol reactivity and hygroscopicity. 7 Measurements of D w within MgSO 4 microgels, as measured by Davies and Wilson, 7 demonstrate that gelation is accompanied by an abrupt change in D w due to the abrupt formation of the long-range gelatinous network that hinders diffusion. 7 To further establish that our microrheological observations are consistent with gelation, we compared our reported RH-dependent trends in rheology to measurements of D w reported elsewhere. 7 Figure 6 shows the RH-dependent time scales of coalescence, as observed in the present study, plotted with the RH-dependent Analytical Chemistry pubs.acs.org/ac Article is ∼0.3). 7 Because we observe rigid gelation at any RH less than 30%, we cannot use rheological observations to distinguish between expectations of D w less than 30% RH (i.e., merging events at 30% RH are indistinguishable from merging events at 25% RH). However, the coincident changes associated with our rheological observations and reported D w values suggests that we can infer when the onset of diffusive limitations is to be expected for abrupt aerosol gel transitions. Gel Transitions Can Be Identified without the Use of Any High-Powered Light Source. The chemical systems studied here are known to minimally absorb visible light and thus are suitable to study with laser sources. 7, 23 However, the ultimate goal of the developed DBQ-EDB will be to apply the technique to studying gel formation involving atmospherically relevant biopolymers and mixtures that may absorb visible light and therefore may have non-negligible heating from a laser source. We thus highlight that the use of far-field laser scatter imaging is not necessary to capture the abrupt transition from fluid to gel for MgSO 4 . Using just bright-field imaging, which utilizes a gently focused LED (i.e., no laser source) and thus minimizes potential light-induced heating, we captured the transition from fluid at ∼35% RH (τ ≈ 10 s) to rigid gel at 30% RH. Although we demonstrated the use of far-field laser scatter imaging to extend the range of τ-values that we could measure to shorter time scales, this was not necessary in order to detect gelation. The DBQ-EDB technique is therefore suitable for studying gelation of chemical species that strongly absorb visible light, which is an advantage over conventional optical trapping techniques.
Identifying Non-Newtonian Mixtures. Non-Newtonian Flow Is Observed in Mixed Organic−Inorganic Liquid−Solid Suspensions. Non-Newtonian fluid behavior is characterized by nonconstant viscosity at a given temperature. 11, 37 Gels are frequently non-Newtonian. In some instances, gels will behave mechanically like solids under low shear, as illustrated with MgSO 4 . While we were able to successfully identify the gel transition, we cannot, at present, directly probe whether greater shear stress would induce fluid-like behavior. However, we are able to explore other non-Newtonian behavior exhibited by some gels and many other fluids. 11, 37 Specifically, we explored non-Newtonian behavior in solid−liquid suspensions, a class of fluids that commonly exhibit non-Newtonian behavior. 11, 37 Solid−liquid suspensions and slurries that exhibit non-Newtonian behavior include concentrated suspensions of silicon particles in polyethylene and clay suspensions in water. 11, 37 Droplets of such suspensions cannot be generated in the dispensers used in the present study. Thus, we created solid− liquid suspensions in stillo (within the levitated droplet) using model sea spray aerosol compounds composed of 2:1:1 (by mole) NaCl:CaCl 2 :sorbitol microdroplets at ∼30% RH. The initial solution generated from the droplet dispensers is aqueous. As shown in Figure S6a , far-field image analysis of these droplets demonstrates that droplets undergo partial efflorescence at ∼30−35% RH. Further, as shown in Figure S6b , SEM images show that rather than a single, solid crystalline core, the crystalline component is distributed throughout the particle phase as smaller microcrystals. This creates a mixture of solid NaCl suspended in a viscous fluid (sorbitol/CaCl 2 ), i.e., a slurry. This system was chosen specifically, because we observed the formation of the solid−liquid suspension and because of the natural occurrence of these compounds in sea spray and the environment. Figure 7 shows the microrheology of merging the partially effloresced liquid−solid droplets. There is an initial, exponential decrease in aspect ratio from ∼2 to 1.3 over the first 100 s, with an initial time constant of 13.3 s (if the fit is constrained to the first 100 s; see Figure S7 ). However, over the remaining 900 s, the decay deviates from single-exponential. Instead, over the next 900 s, there is a gradual decay from 1.3 to ∼1. A singleexponential fit does not capture the entire coalescence process. Rather, a double-exponential fit captures the coalescence process, with τ 1 = 12 s and τ 2 = 365 s. This demonstrates that viscosity is not constant over the course of droplet coalescence, i.e., the merged droplets are non-Newtonian fluids, and the technique is sensitive to such.
During the merging event shown in Figure 7 , we cannot at present decouple whether the observed non-Newtonian behavior is time-dependent or time-independent, because both time and surface-tension effects are changing simultaneously. In the future, a technique such as diffusing wave spectroscopy could potentially be employed to identify the viscosity of the fluid medium. 38 However, it is clear that the apparent viscosity increases as the coalescence process progresses, and this is a clear indicator of non-Newtonian fluid dynamics. 11, 37 Thus, with the DBQ-EDB technique, it is possible to identify gel transitions through both the abrupt rheological changes that occur with rigid microgel formation, as demonstrated with MgSO 4 , as well as non-Newtonian behavior that may occur from in-droplet formation of nonrigid micro and nanogels.
■ CONCLUSIONS
We have established here a microanalytical technique that can be used to identify gel formation and non-Newtonian fluids in levitated microdroplets and to measure the viscosity of organic aerosol particles. The DBQ-EDB and described imaging setup is robust, simple to operate, utilizes inexpensive CMOS cameras, and relies on electrostatics for levitation as opposed to laserbased trapping techniques. Additionally, we have described the application of far-field image analysis to track aerosol coalescence using low-power light sources, further simplifying the amount of equipment necessary to study the microrheology of aerosol particles. By eliminating the need for a high-powered trapping laser, this technique will facilitate the study of light- Figure 7 . Plot of aspect ratio as a function of time for a single merging event of partially effloresced, mixed-component droplets of 2:1:1 (by mole) NaCl:CaCl 2 :sorbitol. Each data point is the average aspect ratio of five sequential images (±1 SD). The solid red line is the singleexponential fit to the first 100 s of the data (indicated with vertical dashed line). The dashed red line represents the single-exponential fit to the entire plot. The dashed cyan line is the double-exponential fit to the entire plot.
absorbing chemical species, which are abundant in atmospherically relevant aerosol particles. Thus, future studies can examine gelation of a wide-range of naturally occurring organic species.
Utilizing this novel microrheological technique, we demonstrated that microgel formation can be distinguished from the gradual thickening associated with vitrification as well as distinguish Newtonian fluids from non-Newtonian fluids. We benchmarked the system with accurate determination of sorbitol and glucose viscosity. This experimental approach can be leveraged to study a wide range of aerosol physicochemical processes relevant to atmospheric science. At present, we are unable to probe for other gel characteristics and material properties, such as yield stress. Further, only RH-dependent transitions can be observed, but temperature-induced transitions could be studied with the addition of a temperaturecontrolled chamber. In its present form, applications of the DBQ-EDB microrheological technique are not limited to environmentally relevant systems, as studied here. The technique can be extended to other biologically, pharmaceutically, and industrially relevant systems. On a fundamental level, the approach can be used to study the rheological characteristics of soft matter materials under a wider range of conditions than is accessible in bulk experiments and thus access novel processes that occur outside of bulk solubility limits.
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